Known Unknowns
Follow-up work that builds on Kennedy et al. [2] and other related models will have to incorporate more of the noise that makes community ecology so interesting to achieve more nuanced and realistic scenarios. For example, the ocean isn't warming uniformly. The warming of tropical oceans so far has been manifested as warm patches that last for days to weeks and are generally less than 100 m 2 large [14] . The future scale, return time and spatial dynamics of such warm anomalies will fundamentally determine how warming affects reef communities. Additionally, we are only just beginning to measure natural fluctuations in seawater pH on reefs [15] and we really have very little idea how these patterns will be affected by CO 2 emissions and acidification.
Probably the biggest challenge is developing and incorporating realistic responses of individuals, populations and communities to rapid and widespread environmental change. First, we need a better understanding of how much long-lived individuals, such as massive corals, can acclimatize to changing temperature and pH. Second; what is the scope of natural selection to facilitate increased tolerance to new conditions? We certainly know corals can adapt. But we also know there are limits to adaptation, evidenced by the fact that 99.9% of the metazoan species that have ever existed on the earth are now extinct. After all, organisms are not optimized; their physiology, morphology and life history are the outcome of endless trade-offs and compromises. And given the dependence of enzyme kinetics on temperature, thermal stress seems to be especially vexing to adapt to. Third, there is also community-level selection for species tolerant of thermal stress to consider. Such compositional changes appear to be altering the response of coral communities to warming and other perturbations [16] .
There are certainly other aspects of the model that could be modified as our understanding of climate change and coral reefs increases. But we clearly know enough to act. When considered alongside earlier simulations [17, 18] , and the wealth of field observations [19, 20] Having more than two mating types or sexes is unusual, though not unheard of. Some mushrooms, for example, have over a thousand possible mating types [2] and cellular slime molds have three [3] . The seven mating types of Tetrahymena were described nearly sixty years ago [4] , but until now their genetic basis has been obscure.
Understanding sex determination in ciliates requires an understanding of their unusual nuclear dimorphism. Within each single-celled Tetrahymena are two nuclei: the diploid germline micronucleus carries all the genetic information of the cell. It participates in sexual conjugation and can be passed on to a new generation in crosses; but it is transcriptionally inert. The somatic macronucleus is a transcriptionally active working copy of the genome that is generated from a duplicate micronucleus that has undergone chromosomal fragmentation and streamlining via removal of spacer DNA termed internal eliminated sequences or IESs [5] . The macronuclear minichromosomes also undergo amplification to around 50 copies per cell. The polygenic macronucleus is propagated amitotically during vegetative growth, whereas the diploid micronucleus divides mitotically and is the only nucleus transmitted during sexual reproduction. During mating each exconjugant (i.e., sexual progeny) discards its old macronucleus and creates a new one from its recombinant zygotic micronucleus.
An individual Tetrahymena cell expresses one of seven possible mating types (I-VII) that it faithfully and indefinitely maintains during vegetative propagation. After mating each new exconjugant has a recombinant micronucleus formed from its two parents. However, rather than just expressing one of two parental mating types, the sexual progeny of Tetrahymena undergo a kind of genetic roulette that allows them to choose at random up to seven possible mating types. The genetics of Tetrahymena suggest that the latent potential for producing multiple mating types is maintained faithfully in the micronucleus, but that this potential is irreversibly restricted to a single mating type during formation of the macronucleus [6] .
The key to solving the mating type puzzle in Tetrahymena was identifying its macronuclear mating locus and comparing it to the micronuclear version. To accomplish this Cervantes and colleagues took advantage of genetic mapping and transcriptome data to find a single pair of divergently transcribed macronuclear genes (MTA6 and MTB6) in a mating type VI strain that were only expressed under starvation -the environmental cue that promotes mating. By creating individual somatic knockouts of MTA6 and MTB6 they showed that both genes were required for conjugation, thus making them very good candidate mating type genes. Strikingly, when they mapped MTA6 and MTB6 back to the micronuclear genome, they found not one but a constellation of MTA-related and MTB-related genes arranged in tandem pairs -one for each of the mating types that could be expressed in their strain ( Figure 1A) . Moreover, when they examined additional strains they found a different MTA-MTB pair was expressed in the macronucleus corresponding to one of the mating type genes in the micronucleus.
These findings allowed Cervantes to surmise that Tetrahymena randomly chooses a single tandem MTA-MTB gene pair from its micronuclear mating locus to express in its macronucleus. at a single one? Recombinational gymnastics are a well-known feature of Tetrahymena and other ciliates where macronuclear biogenesis requires genomic cutting and pasting on a massive scale to remove IESs [7] ; but certain features of mating type specification in Tetrahymena suggest that it occurs through a mechanism distinct from IES elimination: firstly, while IES removal is relatively imprecise [5] , mating locus maturation requires high precision; secondly, unlike IES removal, mating type maturation is not under control of the maternal macronucleus; and finally, IES removal and mating type recombination occur with different timing.
Although the exact mechanism of mating type specification in Tetrahymena has not been worked out, one plausible model suggested by Cervantes et al. [1] invokes serial recombination events that successively eliminate one or more homologous MTA-MTB pairs until only one copy remains ( Figure 1B) . This model is appealing in that i) the homologous pairing events between MTA-MTB copies could occur randomly, ii) the reaction could be self-propagating, continuing while any homologous pairs remained, and iii) it would automatically terminate when only one MTA-MTB pair remained.
While the details are unclear, the similarity of mating type determination in Tetrahymena to recombination events in other systems is worth mentioning. V-D-J recombination in vertebrate immune cells generates antigen receptor diversity by randomly choosing and then assembling alternative copies of V, D and J segments of B or T cell receptors into a single functional locus. VDJ joining is mediated by dedicated recombination machinery that recognizes specific cis-elements next to each gene segment to be joined, but is relatively imprecise [8] . Tetrahymena sex determination also shows some similarity to mating type switching in budding yeast. Yeast retains silent copies of its two alternative mating type alleles that can be used as gene conversion templates for its expressed MAT locus. Mating type switching is triggered by a site-specific endonuclease that cleaves specifically at the MAT locus to initiate gene conversion from one of the silent copies [9] .
These comparisons raise the question of whether there is a dedicated recombination machinery that targets the mating locus in Tetrahymena; or can any tandem repeat sequence in the micronuclear genome be subject to rearrangement and/or elimination by the same mechanism that acts on the mating locus? An annotated Tetrahymena micronuclear genome sequence has yet to be released, but when it becomes available it will be interesting to examine it for tandem repeats and to determine whether these repeats are also present in the macronucleus and resolved in a manner similar to the mating locus repeats. Another unknown in this system is whether the recombination events at the Tetrahymena mating locus occur entirely in cis as Cervantes et al. [1] have modeled ( Figure 1B ), or whether inter-chromosomal recombination occurs between amplified mating locus mini-chromosomes ( Figure 1C) .
The multicopy nature of macronuclear chromosomes also raises questions about whether Tetrahymena keeps track of its mating type chromosomes and has a mechanism to prevent more than one mating type being chosen in the same cell. During amitotic macronuclear divisions, genes assort randomly so that by around 60 generations they become effectively homozygous for one of the two parental alleles. Does the mating locus also start out with multiple alleles in a single cell that passively assort to homozygosity, or do cells actively exclude multiple alleles of the mating locus? Interestingly, newly formed exconjugants cannot mate. To reach sexual maturity requires around 50 generations of mitotic division. Is this time delay from birth to sexual maturity programmed into the life cycle in order to allow mating type sorting? Does having more than one mating type expressed in a cell cause sexual confusion? Or might two mating types expressed in one cell trigger a barrier to mating with another partner and thereby cause a delay to reaching sexual maturity while the mating locus sorts to homozygosity?
Besides the recombination mechanism that restricts mating type, the possible functions of the mating proteins MTA and MTB in Tetrahymena are also intriguing. They are necessary for mating, but are they sufficient? How do they function to specify heterotypic but not homotypic matings? The MTA and MTB gene families are distinct from each other but they do share some structural similarity. Both have a terminal exon that encodes a predicted transmembrane (TM) helix. While the TM region is highly similar between paralogs ( Figure 1A) , most of the protein sequences are more divergent -a feature that might be expected for molecules that may be displayed on the cell surface and mediate self-nonself recognition. MTA and MTB homologs are present in other Tetrahymena species (though not outside this lineage), suggesting that relatives of T. thermophila share a similar mating system. Notably, MTA and MTB do not share similarity with the homeodomain transcription factors whose heterodimerization interactions contribute to multiple mating types in fungi [2] , thus making Tetrahymena sex determination a truly novel system. The exciting breakthrough made by Cervantes et al. has raised many new questions that will keep ciliate researchers occupied for the foreseeable future, and the rest of us eagerly waiting for more answers.
